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To overcome the theoretical efficiency limit of silicon solar cell, researches on tandem solar cells have 
been actively carried out. However, most studies focus on developing the deposition technique and SHJ 
silicon-based tandem which need high-cost. Here, for the first time, the low-cost 2-terminal mechanical 
silicon/perovskite tandem devices is developed by using the transparent conductive adhesive (TCA). 
TCA consists of Ag-coated Poly(methyl 2-methylpropenoate) particles which make electrically lossless 
with low contact resistance of 5.46 × 10−2  ∙ 𝑐𝑚2  and transparent adhesives, Norland optical 
adhesives, which attach the two sub cells mechanically stiff. Especially since TCA layer is tens of micro-
scale and flexible, the commercial Al-BSF silicon solar cell with the textured surface can be easily 
applied for the tandem devices unlike existing monolithic tandem devices that required additional 
processes.  Based on optimized design though optical simulation, the 2-terminal mechanical tandem 
solar cells with the current density of 15.43 mA/cm2 and steady-state PCE of 19.40% are demonstrated. 
This result is the highest efficiency among the Al-BSF silicon-based tandem devices.  In the 
commercialization viewpoint, our tandem devices are promising because a large-area cell can be 
achieved with low TCA resistance even in large-area and it is encapsulation-freely stable in humid 
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Solar cell technology is evolving into solar cells that increase efficiency, reduce cost, or have special 
functions such as transparent or flexible solar cells. Silicon solar cell technology, which has a market 
share of about 93%1 of the entire solar cell market, has a wide spectrum of BSF, PERC, HIT and IBC 
in terms of efficiency and price. For example, the efficiency of an IBC cell has been reported to be as 
high as 26.6%2, close to the theoretical limit of 28%3, and the price of a BSF cell is less than 0.2 $/Wp, 
which is the lowest among all solar cells. However, it is difficult to meet the efficiency and price of 
silicon solar cell at the same time, and breakthrough technology is needed to overcome it. Among these 
breakthrough technologies, the most promising technique is a tandem cell strategy in which two or more 
solar cells with different band gap energies are stacked4-6. In particular, perovskite solar cells are suitable 
for tandemization with silicon solar cells because the band gap of the perovskite layer can be controlled7. 
Because it has a steep absorption edge8, a high absorption coefficient and a long carrier diffusion length9, 
the efficiency is increased at a high speed for a short period of time to over 23%2. According to the 
simulation results, if the perovskite top cell with the bandgap of 1.73 eV and the silicon bottom cell 
form a tandem configuration, a high-efficiency over 30% tandem device can be acheived10-12. Also, 
when expecting the levelized cost of electricity of the perovskite/silicon tandem device, it can be 
reduced about 5% compared to the conventional silicon solar cells13. Therefore, it is very competitive 
as next generation-commercial solar cells. 
The representative configurations of tandem devices include a 2-terminal monolithic and a 4-terminal 
mechanical configuration. The 4-terminal mechanical tandem device, in which the bottom cell is 
operated by the light transmitted through the top cell, is electrically independent of the two sub-cells14-
16. While there is no need for current matching technology and additional complicate process, it is 
difficult to be low-cost and high-efficiency due to their optical losses as well as electrical circuit 
complexity. On the other hand, in case of the 2-terminal monolithic tandem, two sub-cells are connected 
in series by using recombination layer17-21. Since the current matching and optimal recombination layer 
are required and the top perovskite solution process should be uniformly formed on the silicon surface, 
it is inevitable to change the conventional silicon cell structure to a new structure suitable for the tandem. 
If the current matching and losses recombination is realized, it can be a low-cost, high-efficiency cell. 
Therefore, much research has been carried out to balance the current density of two sub-cells. In 
particular, to enhance the relatively insufficient light absorption of silicon, the tandem solar cells based 
on the textured silicon have been recently reported22. However, when the top perovskite cell process is 
formed on the textured silicon surface by the existing solution process, unconformal coating problem 
occurs23. To deposit uniform top layers on the textured surface, nowadays vacuum depositing techniques 
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for the top perovskite cell are being studied as a solution. For example, the 25.2% of monolithic tandem 
solar cells with all-vacuum depositing technique was reported by Ballif et.al20. However, vacuum 
deposition technology is not only expensive, but also requires time for new process conditions. 
In addition to these two representative configurations, there is a 2-terminal mechanical tandem device. 
After the top and bottom cells are fabricated individually, a series connection is formed by mechanical 
connection of their electrodes. Each sub-cells can be individually operated as a four-terminal tandem 
device or be mechanically and electrically connected to operate as a two-terminal tandem device. Ito 
group has reported 2-terminal mechanical tandem device with 15.2% efficiency by mechanically 
contacting ITO electrode of c-Si bottom cell and IZO electrode of perovskite top cell24, 25. However, it 
cannot be regarded as a perfect device structure because the two sub-cells was attached and measured 
using a scotch tape and a spring needle. 
Here, we firstly developed a perfect one body of 2-terminal mechanical silicon/perovskite tandem 
devices by using optically transparent and electrically conductive adhesive. The transparent conductive 
adhesive (TCA) consists of Ag-coated Poly(methyl 2-methylpropenoate) (PMMA) particle which make 
conductive in out of plane direction and transparent adhesive, norland optical adhesives (NOA), which 
connect the two sub cells mechanically. Since TCA is tens of micro-scale and flexible, conventional 
silicon solar cell with textured surface can be directly applied for the fabrication of tandem devices 
without further modification to the existing silicon solar cell process. Therefore, commercialized Al-
BSF cells with textured substrates can be used without any other expensive vacuum deposition 
techniques, and that enables the realization of low-cost, high-efficiency cells. Based on optimized 
design expected by the optical simulation, we successfully fabricated the 2-terminal mechanical 
perovskite/commercial Al-BSF silicon tandem solar cells with the current density of 15.48 mA/cm2 and 




Ⅱ. Theoretical Development 
 
2-1. Principle of tandem solar cells 
 
Among the various types of solar cells, silicon-based solar cells have been researched for a long time. 
At present, the efficiency of the heterojunction silicon cell have been achieved to 26.6%, which is close 
to the theoretical efficiency limit. In addition, commercial large area Al-BSF and PERC silicon solar 
cells are produced with a performance over 20% efficiency. However, since the single junction solar 
cells can absorb only a limited region of solar spectrum, their efficiency cannot exceed over 30% due 
to large amount of the below band gap absorption loss and thermalization loss5, as shown in Figure 1.  
On the other hand, if the top cell with a large bandgap and the bottom cell with a small bandgap are 
combined as a tandem, the high efficiency over 30% is enable. It is because the top cell with a large 
bandgap absorbs the light of a short-wavelength region and the bottom cell with a small bandgap 
absorbs light of a long-wavelength region, reducing the below band gap absorption loss and 
thermalization loss. Therefore, in order to demonstrate low-cost, high-efficiency solar cells, tandem 
structure is a very promising technology. 
 
 
Figure 1. Losses of (a) a single-junction solar cell with the bandgap of 1.55 eV and (b) dual-junction5 
tandem solar cell with 1.8 eV bandgap top cell and 1.1 eV bandgap bottom cell.  
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2-2. Representative configurations of tandem solar cells 
 
The representative configurations of tandem devices include a 4-terminal mechanical, a 2-terminal 
monolithic and 2-terminal mechanical configuration, as you can see in Figure 2. In case of the 4-
terminal mechanical tandem structure, in which the bottom cell is operated by the light transmitted 
through the top cell, two sub-cells are electrically independent. Many studies have been made on the 
fabrication of transparent electrodes with high transmittance and the minimization of parasitic 
absorption. For example, 26.9% of 4-terminal tandem device using the high efficient PERL silicon 
bottom cell and highly transparent top cell with CuSCN for HTL and AgNW as transparent electrode 
was reported by Christoph et.al26. The 2-terminal monolithic tandem structure has a recombination layer 
on the top of the bottom cell and the layers for the top cell stacked on it, forming a series connection of 
two sub-cells. In this case, the current matching of two sub-cells and the optimal recombination layer 
are important points for high efficiency. The highest efficiency of monolithic tandem device was 25.2% 
reported by Ballif et.al20. The nc-Si recombination layer was formed on the textured silicon bottom cell 
to minimize reflection, and the perovskite top layers were vacuum deposited to form a uniform layer. 
The last one is 2-terminal mechanical tandem structure. After the top and bottom cells are fabricated 
individually, a series connection is formed by mechanical contact with transparent conductive adhesives. 
Each sub-cells can be individually operated as a 4-terminal tandem device or be mechanically and 
electrically connected to operate as a 2-terminal tandem device. Among the above tandem 








Figure 2. The schematics of (a) 4-terminal mechanical tandem, (b) 2-terminal monolithic tandem and 




2-3. Theoretical efficiency of tandem solar cells 
 
As shown in Figure 3 which is from the simulation data of the reported paper, in case of 2-terminal 
tandem configuration, if a 1.12 eV Eg of silicon solar cells are tandemized with a 1.75 eV Eg perovskite 
solar cells, the high efficiency of 38% or more can be achieved27. According to this simulation data, 
many researches of tandem solar cells are carried out and recently, 25.2% of monolithic tandem solar 













Ⅲ. Experimental Method & Materials 
 
Fabrication of silicon bottom cells :  
The silicon bottom cells were fabricated using the square pieces (15 mm×15 mm) of boron-doped 1-
5Ω, 525 um thick Cz-Si wafer. In case of the pyramidal silicon solar cell, silicon surface was etched by 
KOH/IPA solution. After cleaning the Si substrate using acetone, IPA and DI water, 2 um-thick Al was 
deposited on the back side of the substrate by e-beam evaporation and a phosphorous SOD diffusant 
(SOD P507, Filmtronics) is spin-coated on the front side at 3000 rpm. For the simultaneous formation 
of Al-BSF and n-type emitter, the wafer was co-fired by using a rapid thermal annealing (RTA) at 900℃ 
in an N2 atmosphere for 2 min. Then, phosphor-silicate glass (PSG) on the surface was removed by HF 
solution for 30s. Before depositing the passivation layer, the wafer was cleaned using the RCA1 and 
RCA2 process. A 70 nm-SiNx passivating layer which has refractive index of 1.97 at the wavelength of 
900 nm was deposited by plasma enhanced chemical vapor deposition (PEH-600, SORONA) at 350℃. 
(For edge isolation to make the active area exact, 5 mm×5 mm active area was isolated by ICP etch 
process.) For the top electrode, Ti/Ag grid pattern was formed through photolithography and lift-off 
process. A 1um Ag was finally deposited by e-beam evaporator for the back contact electrode.  
 
Fabrication of the perovskite top cells :  
A 70 nm thick dense TiO2 layer was deposited on the patterned F-doped SnO2 (FTO, TEC8, Pilkingon) 
substrate by spray pyrolysis at 450℃ using titanium diisopropoxide bis(acethylacetonate) solution 
(Sigma-Aldrich) diluted in ethanol. ~250 nm thick mesoporous TiO2 layer was spin-coated on the bl-
TiO2/FTO substrate using the TiO2 paste (SC-HT040 paste, Sharechem) diluted in 2-methoxyethanol 
and annealed at 450℃ for 1h on the hotplate. MAPbI3 powder (TCI Chemicals) was diluted in N-N-
dimethylformamide (Sigma-Aldrich) and dimethyl sulfoxide (Sigma-Aldrich) (1:4 v/v) at a various 
concentration at 60℃ and filtered by 0.45 um PTFE filter. Filtered MAPbI3 solution was spin-coated 
onto the mp-TiO2/bl-TiO2/FTO substrate at 5000 rpm for 60s. During spin coating, toluene was drop-
casted on that substrate in 10s to the start of the spinning process and then the film was dried at 100℃ 
for 10min on a hot plate. A 10mg poly(triarylamine) (PTAA, EM Index, Mw=17900gmol-1) was diluted 
in toluene(1ml) and mixed with 10ul of a solution 170mg ml-1 lithium 
bistrifluoromethanesulphonimidate (Sigma-Aldrich) in acetonitrile and 7.5ul of 4-tert-butylpyridine. 
PTAA solution was spin-coated on the MAPbI3/mp-TiO2/bl-TiO2/FTO substrate at 3000 rpm for 30s. 






Tandem device fabrication :  
For the semi-transparent perovskite top cell, 10 nm thick MoO3 was deposited by e-beam evaporation 
with a ratio of 0.1 As-1 as a buffer layer and 150 nm thick IZO was deposited by RF-sputter at room 
temperature as the transparent electrode. Also, 30nm thick IZO was deposited on the top of the silicon 
solar cell to make the entire area electrically conductive. 0.5wt% of Ag-coated PMMA particles 
(PMPMS-AG-1.53, Cospheric, 45-53μm) was diluted in the transparent adhesive, Norland Optical 
Adhesive (NOA83H, Norland Products) and the TCA solution was mixed by Voltex Mixer (VW-10, 
DAIHAN Scientific). TCA solution was spin-coated on the IZO of the silicon solar cell at 3000rpm for 
30s and TCA coated silicon solar cell was mechanically attached to the IZO layer of the perovskite top 
cell and annealed at 100℃ for 1h. The edges of their interface were sealed with the EVA film at 100℃ 
for 15min.The active area of the final tandem devices is 0.25 cm2.  
 
Optical Simulation for Si/Perovskite tandem solar cells :  
The theoretical reflectance and internal light energy flux of the device were computed using the optical 
simulation which was implemented by a Python cross-platform software. For the tandem device with 
multilayers, a Generalized Scattering Matrix Method was used. All layers were treated coherently 
except only c-Si. The c-Si layer was treated incoherently due to its thickness of 525 um which is larger 
than the coherence length of sunlight. The values of the refractive index (n) and extinction coefficient 
(k) with the wavelength were measured using the ellipsometer (Elli-SE-UaM8, Ellipso technology Co., 
Korea) for each layer. The maximum current density was calculated by multiplication of the simulated 
internal light energy flux and the photon flux with the wavelength from 350 nm to 1200 nm through 
MATLAB software.  
 
Fabrication of PDMS AR foil : 
The square pieces (30 mm×30 mm) of silicon substrate was cleaned with acetone, IPA and DI water. 
The silicon native oxide on the silicon surface was removed by dipping into buffered oxide etchant 
(BOE, HF/NH4F = 7:1) and the Si substrate was rinsed with DI water and dried by N2 gas flow. First, 
Si substrate was immersed into potassium hydroxide solution (45wt% KOH) at 95℃ for 10min to 
remove the saw damage of the silicon surface. After rinsing the substrate, Si substrate was immersed 
into the solution mixed with KOH solution, IPA and DI water (8:5:100 v/v) at 70℃ for 40min to 
fabricate the micro-pyramidal silicon mold and rinsed with DI water and dried by N2 gas flow. To 
fabricate the PDMS AR foil, PDMS solution (Sylgard 184, Dow Corning Co.) was spin-coated on the 
etched silicon mold at 3000 rpm and cured at 100℃ for 1h. Finally, the cured PDMS foil was peeled 




Measurements :  
The morphology and thickness of perovskite film and TCA film were observed by a scanning electron 
microscopy (S-4800 Cold FE-SEM, Hitachi high-Technologies). The transmittance and absorbance of 
the perovskite films were measured using a UV-vis spectrometer (Cary 5000, Agilent Tec.). The power 
conversion efficiencies of all devices were measured under simulated AM 1.5G (100 mW/cm2) with a 
xenon lamp solar simulator. J-V curves of the perovskite solar cells were measured by using a black 
aperture mask of 0.0921 cm2 area and J-V curves of the silicon solar cells and tandem solar cells were 




Ⅳ. Results and Discussion 
 
4-1. Properties of the transparent conductive adhesives 
 
Figure 4 shows the schematic of the 2-terminal mechanical perovskite/silicon tandem device. In this 
tandem structure with TCA, the fabrication processes of the conventional single cells were used as they 
are without changing. The detail fabrication process is described in the experimental section. The semi-
transparent (ST) perovskite top cells were composed of FTO/bl-TiO2/mp-
TiO2/MAPbI3/PTAA/MoO3/IZO, as shown in Scanning electron microscopy (SEM) image of Figure 5. 
A 10 nm MoO3 thin film was used to protect MAPbI3 layer from the sputtering damage during IZO 
sputtering28. The 150nm thick IZO top electrode was deposited by RF-sputtering and its sheet resistance 
was 30 Ω/sq with 87% of transmittance. In case of the silicon bottom cells, the conventional Al-BSF 
silicon cell structure, Ag grid/SiNx/n+ emitter/p-Si/Al-BSF/Al, was used. And thin IZO (30 nm) was 
deposited on top of the Ag grid pattern. This thin IZO layer makes the entire top area of silicon bottom 
cells laterally conductive.  Thus, without this layer, Ag-coated PMMA particles in TCA cannot connect 
the two sub-cells effectively. If only IZO is on the silicon cell without Ag grid, IZO cannot effectively 
collect the charges separated from the junction and thus it makes the fill factor low. On the other hand, 
with Ag grid between IZO and the silicon, it forms the n-type ohmic contact, and improves the cell 
performance by facilitating the charge collection.  Then the two sub cells were mechanically and 




Figure 4. Schematic illustration of the 2-terminal mechanical perovskite/silicon tandem device with 




















TCA consists of Ag coated PMMA particles and NOA. Ag coated PMMA particles electrically connect 
the top cell and bottom cell and NOA adhesive acts as an adhesive to mechanically attach the two cells. 
As the candidates for the transparent adhesives of TCA, there are NOA, poly(dimethylsiloxane) 
(PDMS), ethlyene-vinyl acetate (EVA) and so on. Among them, NOA adhesive has low viscosity to be 
easy to be coated on textured surface and is easy to handle because it maintains liquid state at RT in the 
dark. Also, compared with PDMS and EVA, NOA is suitable as a TCA material because it has excellent 
tensile strength and hardness when it is hardened by heat treatment (Table 1). In case of the PEDOT:PSS 
film29, 30 and the graphene31, 32, which have been mainly studied as a TCA, the lateral conductivity and 
transmittance is also good, but it cannot be applied in the textured surface because of its thin thickness. 
In contrast, our TCA with Ag-coated PMMS particle can be used without any problem on the textured 
surface because the soft and conductive micro-scale particles electrically connect the top cell and 
bottom cell in the direction of out of plane without loss. As you can see in the SEM image (Figure 6), 
our TCA solution conformally covers the textured silicon surface without any air gap with a thickness 
of 42um.  Also, the 45um Ag-coated PMMA particles act as an electric bridge between them. If TCA 
can be applied to the textured silicon surface, it is strong advantage in terms of efficiency because the 





Table 1. The optical and mechanical characteristics of the transparent adhesives. 
Polymer NOA 83H PDMS EVA 
Transmittance good good Good 
Refractive Index 1.56 1.42 1.48 







Tensile Strength high low Low 



















Figure 6. The cross-sectional SEM images of the TCA layer on the textured silicon surface. The 




The electrical and optical properties of TCA depend on the concentration of Ag coated PMMA 
particles in TCA. In order to precisely measure the specific contact resistance of TCA (𝑟𝑐𝑜𝑛𝑡𝑎𝑐𝑡), TCA 
with various concentration was uniformly coated and cured between a 0.5 um thick Ag deposited glass 
and a 0.5 um thick Ag deposited planar silicon substrate33. Then the total resistance (𝑅𝑡𝑜𝑡) of this system 
was measured by four-point probe measurement method. In this system, it is assumed that the 0.5 um 
thick Ag electrode has no resistance. In fact, when comparing  rcontact  with the resistance of the 0.5 
um thick Ag electrode obtained later, it was confirmed that there was five-order difference in their 
values. As shown in Figure 7a, I-V curves for all samples varying with TCA concentration reveal the 
ohmic contact behavior. The total resistance (𝑅𝑡𝑜𝑡) is defined by 
 
Rtot =  
𝑉𝑡𝑜𝑡
𝐼𝑡𝑜𝑡
                                                          (1) 
 
Rtot = Rtip,1 + Rbulk,1 + Rcontact + Rbulk,2 + Rtip,2                         (2) 
 




× 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡                     (3) 
 
Where 𝑉𝑡𝑜𝑡  and 𝐼𝑡𝑜𝑡 are the applied voltage and the measured current, 𝑅𝑡𝑖𝑝,1 and Rtip,2 are the 
resistances from contact tips, 𝑅𝑐𝑜𝑛_𝑝𝑎𝑑,1 and 𝑅𝑐𝑜𝑛_𝑝𝑎𝑑,2 are the contact resistances of the Ag contact 
pad, 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is the contact area, and 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the resistance of the one of the Ag-coated PMMA 
particle between Ag-deposited glass and Ag-deposited silicon. 𝑅𝑡𝑖𝑝,1  and 𝑅𝑡𝑖𝑝,2  are obtained by 
measuring I-V curve from tip to tip. 𝑅𝑐𝑜𝑛_𝑝𝑎𝑑,1 and 𝑅𝑐𝑜𝑛_𝑝𝑎𝑑,2 are estimated by y-intercept in the 
𝑅𝑡𝑜𝑡-𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡  curves
34. These sum value is 3.58 × 10−2 . 𝑅𝑡𝑜𝑡 can be calculated by equation (1) 
and 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 can be obtained by subtracting the above factors, as you can see in equation (2). As the 
concentration of TCA increases, the slope of the I-V curve is increased and the total resistance decreases 
gradually when the contact area is fixed to 0.25cm2. It is because the conduction path increases as the 
number of Ag-coated PMMA particles increases35, 36. In addition, as the concentration of TCA increases, 
the coverage of the Ag-coated PMMA particles increases and the transmittance of TCA layer on glass 
which wavelength region is from 700nm to 1100nm decreases, as shown in Figure 7b. The wavelength 
region from 700nm to 1100nm was focused because the silicon bottom cell absorbed the most light in 
that region. It can be seen that the reflectance increases as the TCA concentration increases. The detail 









Figure 7. (a) I-V curve of the TCA layer between the Ag-deposited glass and the Ag-deposited planar 
silicon and (b) the average transmittance and reflectance of the TCA layer on glass as function of the 




Figure 8. (a) Transmittance, (b) reflectance and (c) absorbance of the TCA on glass with varying the 
TCA concentration. 
 
As defined by equation (3), the number of Ag-coated PMMA particles increases, the contact resistance 
of TCA drops down because the particles are connected in parallel. However, as shown in Figure 2c, 
the resistance does not decrease significantly with concentration. The reason can be explained by the 
increasing factor. As the concentration of TCA increases, the probability that all conductive particles 
will not be uniformly contacted increases. When the concentration of TCA is more than 0.5 wt%, the 
dispersed conductive particles are gradually accumulated together, and if the conductive particles are 
concentrated to 50 wt%, the conductive particles cover the area with the hexagonal shape (Figure 10). 
At the large concentration of TCA over 0.5wt%, there is the decrease of contact area for each particle36. 
Therefore, the constriction resistance of each particle in TCA increases. As a result, because TCA layer 
with high concentration over 0.5wt% does not significantly reduce the resistance and greatly 
deteriorates the transmittance, it is not suitable for tandem devices. On the other hand, at the TCA 
concentration of 0.5 wt% or less, the transmittances of TCA layer are similarly good while the contact 
resistance is somewhat higher. However, the variation of the contact resistance is large at the 
concentration of 0.005 wt% and 0.05 wt%. It can be elucidated by that there is a large variation in the 
number of conductive particles within a fixed contact area of 0.25cm2, shown in Figure 11. Resultingly, 
at 0.5 wt% TCA layer, the conductive particles are dispersed well with good transmittance and its 
contact resistance is consistently low with 5.46 × 10−2  ∙ 𝑐𝑚2 of the average resistance. Therefore 
0.5wt% TCA is considered to be most suitable. Figure 9b shows the contact resistance of the bonded 
Ag deposited glass/TCA/Ag deposited planar silicon (or textured silicon) samples with various contact 
area. Both samples with the planar silicon and samples with the textured silicon have perfect ohmic 
contacts. On the textured surface, the contact resistance of TCA is somewhat higher than that of the 
planar surface due to the roughness. However both has sufficiently excellent electrical characteristics 
as TCA. As the contact area increases, the contact resistance increases for both samples. However, in 
common sense, the contact resistance is a unit independent of the contact area and the value should not 
be changed with increasing contact area. This increase can be explained by the fact that as the contact 
17 
 
area increases, the conductive particles are dispersed non-uniformly or agglomerated to increase the 
contact resistance. Nevertheless, even on the 1 cm2 area sample, the contact resistance of TCA is still 
very low, less than 0.2  ∙ 𝑐𝑚2. It was demonstrated that our TCA works well as transparent adhesives 
and electrical connection even on the textured surface and large area without any significant loss. 
 
 
Figure 9. (a) The contact resistance of the TCA layer as function of the concentration of TCA. The 
contact area is 0.25cm2. (b) The contact resistance of Ag-deposited glass/TCA/Ag-deposited planar 
silicon (black line) and Ag-deposited glass/TCA/Ag-deposited textured silicon (blue line) with varying 










Figure 10. The optical microscope images of (a) 0.5 wt% TCA layer on glass, (b) 5 wt% TCA layer on 






Figure 11. Histograms of the number of conductive particles (Ag-coated PMMA particles) on (a) 0.005 
wt% TCA layer, (b) 0.05 wt% TCA layer and (c) 0.5 wt% TCA layer. These are measured for 30 





4-2. Optical Simulation for the highest current density 
 
For the 2-terminal tandem device where two sub cells are connected in series, the current matching is 
crucial point because the current density is determined by the lower one between that of two cells. When 
measuring the current of the silicon bottom cell by filtering the ST perovskite top cell with normal 
thickness, the current of the silicon bottom cell was much smaller than the current of the perovskite top 
cell. In our devices, the current density is highly limited by the silicon bottom cells. Therefore, before 
directly fabricating the tandem devices, we considered the optimal conditions to enhance the current 
density of the silicon bottom cell through optical simulations using the refractive index, n and the 
extinction coefficient, k values of each layer. The refractive indices of each layer were measured by 
ellipsometry. Figure 12 depicts the refractive index profile of all layers for perovskite/silicon tandem 
device. For the typical silicon solar cells, 70-80 nm thick SiNx layer with a refractive index of 1.97 is 
usually used because it has the lowest reflectance at 550 nm of wavelength where has the most high 
intensity of the solar spectrum37. However, in case of the silicon bottom cell for the tandem device, the 
infrared region from 800 nm to 1100 nm is the region where the silicon bottom cell mostly absorbs 
because the perovskite top cell with 1.55 eV of bandgap absorbs the most of the short-wavelength light. 
To minimize the reflectance and enhance the light absorption, 30nm thick IZO which has similar 
refractive index of 1.83 was used on the 70nm thick SiNx layer and the double layers on silicon has 
lower reflectance especially for the infrared region than only 70 nm thick SiNx layer on silicon as shown 
in Figure 13. 
 
 
     










Figure 13. The reflectance spectra of the silicon solar cells with only SiNx 70nm (black line with planar 
silicon and gray line with textured silicon) and with SiNx 70nm and IZO 30nm (blue line with planar 




As a result, the reflectance of tandem device was reduced from 6.95 mA/cm2 without the IZO layer to 
5.52mA/cm2 with optimal thickness of IZO layer and the absorption and the simulated maximum 
current density of silicon bottom cells which are filtered by top cell increased to 10.58 mA/cm2 with 
IZO/SiNx double layer from 10.24 mA/cm2 with only SiNx layer. A 45 um thick TCA layer between two 
sub-cells makes the refractive index profile smooth from 1.83 of IZO to 1.56 of TCA to 1.83 of IZO 
which is better than from 1.83 of IZO to 1 of Air to 1.83 of IZO, as shown in Figure 3a. It makes to 
reduce the reflection losses of the tandem device from 6.39 mA/cm2 to 5.52 mA/cm2 (Figure 14a) and 
then extract more light from the perovskite top cells especially at the infrared region without any 







Figure 14. (a) Simulated reflectance of the mechanical tandem devices and (b) simulated external 





Although there is quite enhancement of the absorption for the silicon bottom cells through the 
refractive index matching, the silicon bottom cells have the low current density compared to the 
perovskite top cells. For balancing of the light absorption and matching the current density of the 
perovskite top cells and the silicon bottom cells, methods of tuning the band gap of the perovskite layer 
or adjusting the thickness of the perovskite layer are possible. Of the two methods, we chose the latter 
and calculated the maximum current density of each sub cells as function of the thickness of perovskite 
absorbing layer38, 39. The current density of the perovskite top cells and the silicon bottom cells has the 
trade-off relationship with the thickness of perovskite layer. Figure 15a shows the simulated absorption 
spectra of the two sub cells with different thickness of perovskite layer. As the perovskite thickness 
decreases, the absorption of the perovskite top cells gradually decreases and the absorption of the silicon 
bottom cells increases especially at the wavelength of 400-800 nm. Figure 15b shows the simulated 
maximum current density of each cell with the different thickness of the perovskite layer. We used the 
gold electrode for the opaque perovskite solar cells (black line) and the IZO electrode for the semi-
transparent perovskite solar cells which are the top cell for the tandem devices (gray line). As thickness 
of perovskite layer increases, the current density of both the opaque and the semi-transparent perovskite 
solar cells decrease. The maximum current density of silicon solar cells with IZO thin layer gradually 
increased with decreasing the thickness of the perovskite layer (blue line)21. With TCA, there is quite 
more enhancement (red line) as we expected above. The current density of the perovskite top cells and 
the silicon bottom cells has the trade-off relationship. The maximum current densities of the two sub 
cells are matched at the 150 nm thick perovskite layer and the calculated maximum current density of 
the tandem device is 14.95 mA/cm2.  
 
 
Figure 15. Simulated (a) EQE and (b) maximum current density of each sub-cell by changing the 
thickness of the MAPbI3 perovskite film. 
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Figure 16 demonstrate the simulated reflectance and absorption of each layer of tandem devices with 
the 150 nm thick perovskite layer. The calculated current losses and gains of each layer is summarized 
in Table 2. Although the region where silicon can absorb is quite limited due to the high parasitic 
absorption of the glass, FTO and IZO layers especially at long wavelength region, by reducing the 
thickness of the perovskite layer to 150 nm, it absorbed more light in the wavelength of 600-800 nm 
and the absorption of two sub cells maintain a good balance. 
 
 
Figure 16. Simulated absorption of each layer in the mechanical tandem devices. 
 




4-3. Current matching by controlling thickness of the perovskite 
 
Based on the predicted results from the simulation, the devices were fabricated to confirm that it was 
also consistent with the experiment. Figure 17 shows the experimental photovoltaic properties of each 
sub cells with the different thickness of perovskite layer. To balance the absorption and match the 
current of the tandem devices, we controlled the thickness of the perovskite layer by using the different 
concentration of the MAPbI3 solutions. The photographs of FTO/bl-TiO2/mp-TiO2/MAPbI3 with 
different concentration of 0.15M, 0.3M, 0.6M, 0.9M, 1.2M and 1.5M were in Figure 17a. The MAPbI3 
film was fabricated by one-step process with anti-solvent dropping. It has optical band gap of 1.53 eV 
(Figure 18a). Each solutions with different concentration generate different thickness of MAPbI3 layer; 
50 nm from 0.15M MAPbI3 solutions, 100 nm from 0.3M, 150 nm from 0.6M, 250 nm from 0.9M, 350 
nm from 1.2M, and 400 nm from 1.5M, respectively. The thickness of MAPbI3 layers were measured 
by α-step thickness measurement and SEM analysis. The absorbance of the perovskite film gradually 
decreased especially at the wavelength of 400-800 nm increased as decreasing the perovskite thickness40 
(Figure 17b). Because the absorbance of the perovskite film reduced with the lower concentration 
solution of MAPbI3, the current density of the perovskite top cells decreased as you can see J-V curve 
in Figure 17c. The devices with 400 nm, 350 nm, 250 nm and 150 nm of perovskite layer represented 
the similar open-circuit voltage (Voc) and Fill Factor (FF). However, the devices with thin perovskite 
layer like 100 nm and 50 nm had the lower Voc than the other thick ones because it is hard to fabricate 
uniform and compact thin film on the rough FTO substrate (~30 nm RMS) as you can see in Figure 19. 
In case of the thick film above 150 nm, the uniform and pinhole-free film was fabricated. On the other 
hand, the thin film below 150 nm had some pinholes which make the leakage current. The summary of 
the J-V characteristics of perovskite solar cells is in the Table 3. To experimentally predict the current 
density of the tandem devices, the J-V curves of the silicon bottom cells were measured in condition of 






Figure 17. (a) Photographs and (b) Absorbance of glass/FTO/bl-TiO2/mp-TiO2/MAPbI3. (c) J-V curves 
of the opaque perovskite solar cells with different concentration of the MAPbI3 solution. 
 
Table 3. J-V characteristics of the opaque perovskite solar cells with different concentration of 
perovskite solution. 







1.5M 23.07 1.06 0.70 17.11 
1.2M 22.75 1.05 0.70 16.86 
0.9M 22.27 1.06 0.68 16.05 
0.6M 18.88 1.07 0.66 13.39 
0.3M 5.07 0.90 0.65 2.97 










Figure 18. (a) Tauc plot of MAPbI3 perovskite layer and (b) Transmittance of the perovskite layer with 










 Figure 20a reveals that the current density of the filtered silicon bottom cells gradually increased as 
the thickness of the perovskite film decreases due to the enhancement of the transmittance of the 
perovskite film. The average transmittances of 400-800nm wavelength are 38.2% for 1.5M sample, 
39.2% for 1.2M sample, 42.2% for 0.9M, 54.5% for 0.6M, 59.5% for 0.3M and 79.0% for 0.15M. 
(Figure 18b). As we expected with optical simulation, with the trade-off relationship of semi-transparent 
perovskite solar cells (gray line) and silicon solar cells (blue line), the current of the tandem device was 
matched at the 150 nm thick perovskite film which from 0.6M MAPbI3 solution. (Figure 20b) The 







Figure 20. (a) J-V curves of silicon solar cell and filtered silicon solar cells with different concentration 
of the MAPbI3 solution. (b) Experimental current density of each sub cell with different thickness of 






4-4. Performance of 2-terminal mechanical tandem devices 
 
Compared to the monolithic tandem devices, our mechanical tandem devices perform almost the same 
characteristics as previously predicted. Figure 21 is the photograph of the real tandem devices. The 
upper part is the perovskite top cell from glass to IZO layer and the lower part is the silicon bottom cell. 
They are electrically and mechanically connected with 0.5 wt% TCA in the middle and form a complete 
one body. The exact active area is 0.25 cm2. Our tandem device with TCA were cured and bonded 









Figure 21. Photograph of a fabricated 2-terminal mechanical perovskite/silicon tandem device.  
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To evaluate the 4-terminal tandem characteristics, the performance of each sub cell was measured 
independently. Figure 22 shows J-V curves of the 4-terminal perovskite/silicon tandem devices with 
150 nm thick MAPbI3 film. Without filter, the planar silicon solar cells preformed 33.87 mA/cm2 of the 
current density and 14.81% of efficiency. With the perovskite filter with 150 nm thick MAPbI3 film, the 
filtered silicon solar cell with 150nm thick MAPbI3 has 14.48 mA/cm2 of the current density, 6.47% of 
the efficiency. Compared to the planar silicon solar cells, the textured silicon solar cells have boosted 
the current density due to the enhanced light absorption41. In case of semi-transparent perovskite solar 
cells with 150 nm thick MAPbI3, it performed average 10.36% efficiency with 16.05 mA/cm2 of the 
current density and 1.02V of Voc on reverse scan. As a results, the efficiency of 4-terminal tandem 





Figure 22. J-V curve of the 4-terminal mechanical tandem devices with planar silicon solar cells (black 




The J-V curves of the optimized 2-terminal mechanical perovskite/silicon tandem devices with TCA 
were presented in Figure 23. The 17.47% of efficiency for tandem devices based on planar silicon cells 
and perovskite cells with 150nm thick perovskite layer is achieved with a 14.36 mA/cm2 of the Jsc, 1.58 
V of Voc, 0.77 of FF under reverse scan. The current density is well matched as we expected from the 
current density of the filtered silicon solar cell. Also, the loss of Voc is just below 2% due to the low 
contact resistance of the TCA layer. Without the lateral charge transporting, the electron charges are 
vertically transported.  
As described in Figure 24, when we fabricated the tandem devices with a perovskite solar cells having 
various thickness by various concentration of MAPbI3 solution, it is confirmed that the tandem devices 
fabricated with the 0.6M MAPbI3 solution had the highest current density and the highest efficiency. It 
is very consistent with the results expected in the previous figure.  
Figure 25 shows the performance of the tandem devices by concentration of TCA. At the TCA 
concentration of 0.5 wt% or less, the tandem devices performed the similar current density of 14.3 
mA/cm2. However, as the TCA concentration decreases, FF value is reduced with increasing the series 
resistance (Rs). It is influenced by the contact resistance of TCA layer. When 5 wt% TCA is used, it has 
the lower transmittance than others, while the series resistance is the lowest, so the current density was 
reduced accordingly. As a result, the best performance was obtained when using 0.5 wt% TCA. When 
it is applied to textured silicon cell, the TCA electrically and mechanically connects the two sub cell 
well even on the textured surface. As a result, Perovskite/the textured Si tandem device has the increased 
current density of 15.10 mA/cm2 due to the enhanced light absorption and 18.33% of efficiency is 





Figure 23. J-V curve of the 2-terminal mechanical tandem devices with planar silicon solar cells 
(black line) and with textured silicon solar cells (red line). Full line reveals the reverse scan and dash 
line reveals the forward scan. 
 







Al-BSF planar Si solar cell 
(without filter) 33.86 0.61 0.79 16.32 
(with filter) 14.48 0.58 0.76 6.38 
Al-BSF textured Si solar cell 
(without filter) 35.73 0.61 0.78 17.00 
(with filter) 15.25 0.58 0.77 6.80 
ST-Perovskite solar cell 
(reverse scan) 16.05 1.02 0.63 10.36 
(forward scan) 16.04 1.01 0.64 10.34 
4-terminal Tandem solar cell 
( with planar Si/ with textured Si) 
   16.73/  
17.15 
2-terminal Tandem solar cell 
 with planar Si 
(reverse scan) 14.32 1.58 0.77 17.42 
(forward scan) 14.36 1.58 0.77 17.47 
2-terminal Tandem solar cell 
 with textured Si 
(reverse scan) 15.10 1.59 0.76 18.33 








Figure 24. J-V characteristics of the 2-terminal mechanical tandem devices with different concentration 




Table 5. J-V characteristics of the 2-terminal mechanical tandem devices with different concentration 
of perovskite solution. 








1.2M Perovskite/ Silicon Tandem 11.77 1.59 0.76 14.22 
0.9M Perovskite/ Silicon Tandem 12.97 1.56 0.77 15.58 
0.75M Perovskite/ Silicon Tandem 13.69 1.47 0.78 16.75 
0.6M Perovskite/ Silicon Tandem 14.32 1.58 0.77 17.42 
0.45M Perovskite/ Silicon Tandem 13.59 1.38 0.50 9.43 
























[ ohm cm2] 
0.005 14.34 1.56 0.68 15.10 0.016 
0.05 14.32 1.58 0.75 16.86 0.011 
0.5 14.32 1.58 0.77 17.42 0.011 




In order to further decrease the light reflection from the glass substrate, we integrated an AR foil on 
top of the glass21, 42. Actually, when filtering the silicon solar cell by glass/FTO, there is significant 
decreasing in light absorption of silicon solar cells as you can see in Figure 26. It is because of the low 
light transmittance of glass/FTO. As a solution for that, the home-made AR foil which was fabricated 
by pyramidal textured silicon mold elongates the light path. As shown in Figure 27a, AR foil on the 
glass looks different depending on the distance from the background due to scattering of light. Therefore, 
when it is integrated on top of the tandem device, it reduces the average reflectance of the tandem device 
from 12.26% to 9.35% (Figure 27b).  
 
Figure 26. The simulated EQE of silicon solar cell (black line) and filtered silicon solar cell by 
glass/FTO and the measured transmittance of glass/FTO. 
 
 
Figure 27. (a) Photographs of home-made AR foil on the glass depending on the distance from the 




Figure 28 demonstrates that the champion perovskite/the textured silicon tandem devices with AR foil 
has 15.43 mA/cm2 of the current density and 19.40% of the steady-state efficiency. This is the highest 
efficiency in reported 2-terminal mechanical tandem devices. In addition, our tandem devices are stable 
in humid condition (RH=85% at RT) without the entire encapsulation because the top perovskite cell 
based on glass is covered the silicon solar cell and the air-unstable perovskite layer is completely sealed 
by TCA layer. As you can see in Figure 28c, in the 85% humidity condition, our tandem device without 
additional encapsulation has only small degradation less 10% in efficiency for 100 hours, as a perovskite 
single cell encapsulated with EVA/glass. Although it is less efficient than reported 2-terminal 
monolithic tandem structure, it is promising structure when considering the simplicity of fabrication 
and stability. Especially, it is also excellent on the aspect of commercialization. Compared to monolithic 
tandem structure which needs new deposition methods of perovskite top cell for use of textured silicon 
bottom cell, our mechanical tandem structure can use the commercial Al-BSF textured silicon solar cell 






Figure 28. The champion 2-terminal mechanical tandem device performance. (a) J-V curve and (b) 
steady-state PCE of our champion 2-terminal mechanical tandem device based on textured silicon solar 
cells with AR foil. (c) Normalized efficiency of ST-perovskite solar cell with/without encapsulation and 






4-5. Future Outlook 
 
In our current tandem structure, there is a large amount of the parasitic absorption in the long 
wavelength region through the glass, FTO and IZO, and Voc is limited because band gap of the 
perovskite layer is not tuned. There is a room to improve the efficiency of the tandem devices. Higher 
performance is expected, if the parasitic absorption is minimized, the band gap and thickness of the 
perovskite layer are tuned appropriately for perovskite top cells and PERC structure is introduced for 
silicon bottom cells. Silicon solar cell with PERC structure is a low-cost and high-efficiency cells that 
will lead the solar cell market in near future by replacing the Al-BSF structure. As compared with the 
Al-BSF structure, well-passivated PERC structure has higher light absorption especially in the long 
wavelength region and it is very suitable for tandem structure where light absorption in long wavelength 
region has great effect on the current enhancement as you can see in Figure 29 and Table 7 43-45.  
 
 
Figure 29. J-V characteristics of (a) Al-BSF and PERC silicon solar cells and (b) Al-BSF and PERC 
silicon solar cells filtered by perovskite top cells. 
 









Al-BSF Si SC 38.03 0.61 78 18.15 
PERC Si SC 40.45 0.65 77 20.12 
Filtered Al-BSF Si SC by perovskite cell 15.25 0.58 77 6.80 




Figure 30 represents the simulated results of the maximum current density and efficiency of the 2-
terminal mechanical tandem devices obtained by adjusting the band gap and thickness of the perovskite 
layer. In particular, when the tandem device is fabricated with a 350 nm thick perovskite layer with a 
1.6 eV of band gap and the PERC silicon solar cell, the highest current density over 18 mA/cm2 and the 









Figure 30. Simulated contour plots of (a) the maximum current density and (b) efficiency of the 2-






In conclusion, we have demonstrated the 19.40% of 2-terminal mechanical perovskite/silicon tandem 
devices with transparent conductive adhesive by optically controlling the refractive index profile and 
perovskite absorbing layer thickness. This structure is very promising because it can utilize existing 
commercialized Al-BSF or PERC silicon solar cells by adding simple TCA solution process. If a high 
efficiency of over 24% is achieved with the advanced cell design, it is anticipated to open a new chapter 
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